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RLG  Mass flow in the distributor blade 1−⋅ skg  
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OHM 2  Molar mass of water 1−⋅kmolkg  
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NLN  Blade performance W 
vN  Ventilation performance W 
P  Performance W 
R Universal molar gas constant 11 −− ⋅⋅ KkmolJ  
Re
 
Reynolds number - 
kritRe  Critical Reynolds Number - 
RS1  Channel cross section at the rotor inlet 2m  
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largest possible vortex at the inlet to the channel 
m 
2,Hd  
Hydraulic diameter denoting the dimension of the 
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RLz  Number of RK blades - 
uc∆  Difference of peripheral components of absolute speeds 1−⋅sm  
h∆
 
Real enthalpy gradient 1−
⋅kgJ  
izeh∆  Iso entropic enthalpy gradient 1−⋅kgJ  
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Quantity Name Unit 
izeSTh ,∆  Iso entropic enthalpy gradient 1−⋅kgJ  
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kM∆  Torque loss mN ⋅  
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CFD (Computational fluid dynamics) Calculation of fluid dynamics 
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DNS (Direct Numerical Simulation) Direct numerical simulation method 
EES (Engineering Equation Solver) Software for technical calculations 
LES (Lagre Eddy Simulation) The method of large vortices 
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RANS (Reynolds Averaged Navier Stokes equations) Time-averaging method 
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SST (Shear stress transport) Reynolds shear stress 
ST Medium pressure turbine 
T1MW Designation of an experimental turbine 
VK Input Confusor 
VT High pressure pipe 
VVER Water - water power reactor 







This diploma thesis will deal with turbine steam flow, which is a very complex scientific 
discipline, which is not even fully understood at present. Previously, these tasks were 
computed by very complicated computational methods, which were often not solvable at all. 
These calculations could be replaced by practical experiments, but they were much more 
demanding, both economically and temporally. Progress in this area has been brought about 
by the development of computing technology, with which new possibilities for numerical 
simulation of current fields have been opened. This has created a new science discipline 
called CFD. However, it should be added that numerical computations can not replace real 
experiments on real machines, either in terms of the necessary structural simplifications on 
geometries, the imperfections of the computational network or the mathematical errors 
occurring in the calculation. However, they provide a very good idea of how a flowing 
medium is behaving or an easy comparison of different kinds of simulations. 
The work will be developed in collaboration with Doosan Škoda Power's research and 
development department and its goal is to explain to the reader the process of 3D numerical 
calculation of the steam turbine stage from the creation of the basic geometry of the inverse 
model to the analysis of the results. It verifies the measurement results of the experimental 
triple-stage Boiler Feed Pump Turbines (BFPTs) T10MW. The work will be based on 
practical experiments that have already been carried out in the Doosan Škoda Power 
laboratory in Pilsen. It will endeavor to verify these experiments and justify any differences in 
the results.  
The first chapter of the theoretical part will deal with the history and present of Doosan 
Škoda Power and its development department, for which the thesis is being processed. 
The second chapter will deal with the theory of steam turbines in terms of equipment 
description, distribution, history, but especially with regard to their working process, with an 
emphasis on the transformation of energy in the individual types of turbine blade shifting. 
The last chapter of the theoretical part of the thesis will provide information on turbulent 
flow theory. It will try to define and infer some basic equations of this non-stationary and 
complicated process. In addition, individual turbulence models used for numerical flow 
calculations will be described, eg in ANSYS Fluent. 
The practical part of the diploma thesis will have two basic sections. The first part will 
deal with the 3D model of steam in last stage and diffuser will be done on the base of 
provided geometry and the 3D mesh of geometry of the experimental steam turbine T10MW. 
The second part will describe the setting of CFD solver, calculation for at least two 
operational regimes with boundary conditions set on the base of experimental measurement. 
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Data postprocessing, comparison between measured and calculated data, determination of 
stage flow parameters, losses and outlet flow fields. Both chapters will consist of the 
geometry, computer network, boundary conditions, numerical calculation, and result analysis. 
From both calculations, torque generated by the compressive force will be obtained. The 
difference in torques is the so-called loss moment, which is used to calculate the loss or 
friction power. There are a number of computational relationships for determining loss, 
friction, or ventilation performance. Some of these formulas are 20 to 30 years old, so it is the 
effort of this work to update these relationships and to make corrections of constants that may 
no longer be current due to the development of the construction of steam turbine blades. 
The last chapter will include a plot showing the comparison of some important calculated 
parameters with the experimental data obtained by the measurements, as well as the 
assessment of any differences and a plot of General characteristic of low pressure turbine 
under variable flow showing the ventilation phenomena region. 
How all these steps have been taken and, in particular, what the outcome will be assessed 
in the conclusion, see Chapter 5. 
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1. Doosan Škoda Power company 
1.1 History 
 The diploma thesis is written in 
cooperation with Doosan Škoda Power, so it 
is necessary to write a few sentences about 
the history of this company. 
The beginning of the Škoda Company 
dates back to 1859, when Count Valdstejn 
founded a branch of its foundries and 
machinery in Plzen. In 1866 he joined the 
Emil Škoda factory as chief engineer and 
three years later he bought it in 1869. The 
first turbine was manufactured in Škoda's 
factories in 1904. It was equal to the 550 kW 
steam shaft steam turbine. Custom design of 
the Škoda turbine was achieved in 1911. The 
development and production of new 
machines helped to develop energy and 
industry in the period of the First Republic. The 
quality of production is demonstrated, for example, by two three-way condensing steam 
turbines with a unit capacity of 23 MW with steam heating installed in the Třebovice power 
plant. These machines were in operation until 1960. 
During the Second World War, Škoda's factories were used for military purposes by the 
Third Reich, and in the raid in April 1945, over 70% of the factory was destroyed. 
 During communism, the 
enterprise was nationalized, but 
production and development of 
new turbines did not cease. In 
1969 a new turbine hall of 
impressive proportions was built, 
which allowed production to be 
concentrated together with 
research into one location. A great  
 
 
Figure 1-2: Steam Turbines for Nuclear Power 
Plants from Doosan Skoda [3] 
Figure 1-1: Emil Škoda [2] 
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success was a series of twenty-eight steam turbines of 220 MW. These machines were used to 
produce electricity in nuclear power plants with VVER type pressure reactors and the first 
was built in 1975. Another important milestone was a four-valve condensing steam turbine of 
500 MW produced in 1976. 
In 1991, a 1000 MW steam turbine was built on the output steam for nuclear power 
plants. This year's product range was also enriched by industrial high-speed turbines. 
However, with the onset of democracy, the period of privatization of the Škoda syndicate 
began. 
Several subsidiaries were set up in 1993 and one of them was Škoda Turbíny. However, 
the subsequent merger of the subsidiaries in 1998 led to the renaming of Energo Škoda. 
However, this name lasted until 2004, when the name of the company changed to Škoda 
Power. For the next two years, ie in 2006, the transformation of Škoda Power s.r.o. to a joint 
stock company. However, the development did not continue on the technological side. In 
2007, a steam turbine for the supercritical block at Ledvice Power Plant was built at 660 MW. 
In 2007 Doosan Škoda Power retrofitted high pressure components in two 1000 MW turbines 
at the Temelin nuclear power plant, Czech Republic, supporting safe, reliable and economical 
operation until at least 2042. Another important step was made in 2009, when Škoda Power 
became a subsidiary of Doosan Heavy Industries and Construction. In 2011, buildings and 
facilities were reconstructed in experimental laboratories. In 2012, the last important step has 
been to renaming the company to Doosan Škoda Power. [4], [5] 
 
Figure 1-3: Logo development Doosan Škoda Power [4] 
Nowadays Doosan Škoda Power develops high-temperature steam turbines for coal-fired 
power plants that meet strict emissions targets by operating at increasingly high temperatures 
(currently around 600–620 °C) using ultra-supercritical steam technology. Its nuclear power 
plant-optimised turbines handle enormous steam flow parameters and ensure resilience to 
water drop erosion at high temperatures. Turbines operate up to 1250 MW, ensuring that the 
pressure and expansion of individual components are maintained within normal parameters. 
[6] 
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1.2 Research and Development 
Doosan Škoda Power has its own R & D department, which focuses primarily on 
improving the efficiency of energy conversion, an important step towards saving fuel and 
protecting the environment. In addition to developing its own steam turbine design, Doosan is 
dedicated to research into cogeneration units, refrigeration equipment and heat cycles using 
municipal waste and biomass as fuel. [4] 
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2. Theory of Boiler Feed Pump Turbines (BFPT) and steam 
turbines 
2.1 Boiler Feed Pump Turbines (BFPTs) 
 The design of a boiler feed pump turbine features some unique characteristics that 
presents certain challenges in terms of efficiency management, varying operating ranges, and 
many other features.  In order better understand the accepted designs of Boiler Feed Pump 
Turbines (BFPTs), it is important to know how the operation of steam turbines used to drive 
boiler feed pumps can fundamentally improve fossil and nuclear plants.  Much like the design 
of mechanical drive turbines, feed pump turbines also feature the same thermodynamic 
objectives as the main turbine and all of the engineering difficulties with optimal blade 
design, rotor and bearing harmonic conditions, ideal flow path definitions, and so on.  
However, some distinctions can make a BFPT design particularly distinct from a regular 
mechanical drive turbine.  Figures (2 - 1) shows a basic heat balance diagram for a plant using 
a boiler feed pump turbine arrangement. 
 
Inherent in its name, the BFPT must be fully compatible with the boiler feed pump. In 
other words, the necessary power and speed of the BFPT are determined by the requirements 
of the pump. In a fully integrated and dynamic system such as this, a large portion of the 
design requires developing a proper heat balance that will optimize the plant performance. In 
 Figure 2-1: Simple Process Diagram for Plant with Boiler Feed Pump Turbine [1] 
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general, the boiler feed pump turbine uses both steam from the boiler and the main turbine to 
drive the mechanical shaft connected to the boiler feed pump. This arrangement has proven 
highly successful in efficiently applying the steam’s thermal energy throughout the plant. In 
certain arrangements, the BFPT can instead accept steam from cold reheat lines, main unit 
crossover piping lines, and different extractions from the main turbine. Regardless of the 
source, one distinction specifically unique to the BFPT is that it must accept steam from two 
separate sources. 
In reference to schematic in Figure (2 – 1), the BFPT accepts steam at different pressures 
from both the boiler and the main turbine.  The low-pressure steam extracted from the main 
turbine, generally between the high-pressure (HP) turbine and intermediate pressure (IP) 
turbine sections, will range from 75 psig to 250 psig.  On the other hand, high-pressure steam 
directed from the boiler can reach pressures as high as 2400 psig, even 3500 psig in 
supercritical plants.  The ability to utilize two vastly separate steam sources is made possible 
with the use of two separate inlet designs for the BFPT.  The inlet designs for both the high 
pressure and the lower pressure sections of the BFPT consist of a series of valves driven by an 
actuator.  The percentage in which each of these valve sections are open controls the different 
operating conditions of the plant.  Three main operating points are considered for the feed 
pump turbine based on solely the lower pressure steam conditions coming from the main 
turbine.  The conditions with these valves wide open (VWO), 40% of the main unit load 
(MUL), and the run out point (65% of MUL) all define the operating ranges of this section of 
the turbine.  The range associated with each of these points allow the engineer to size the 
correct areas of the LP nozzles. 
High-pressure steam from the boiler can be used to start the BFPT without using an 
auxiliary steam source.  These start up requirements determine the nozzle sizing for the HP 
steam inlet section.  As seen above, in order to achieve an optimal and efficient design for a 
BFPT, a number of different intermediate design points must be considered due to the 
expansive operating range that this particular turbine experiences.  The analysis of different 
off-design curves becomes crucial in the design of boiler feed pump turbines and is a must for 
any engineers looking to improve their axial turbine design for boiler feed pump turbines. 
2.2 Energy machines 
Energy machines are devices that transform or modify energy or their wearers. It divides: 
[7] 
• Primary machines (combustion engines, wind turbines) convert primary energy 
sources into a more noble form of energy. 
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• Secondary machines (steam turbines, compressors, pumps) convert the 
transformed form of energy into a different kind of energy. 
• Tertiary machines (inverters, transformers, heat exchangers) modify parameters 
of the same kind of energy. 
2.3 Steam turbines 
Steam turbines are secondary energy machines in which the steam enthalpy is changed to 
the kinetic steam energy, and by partial braking on the rotor blades the mechanical energy of 
the turbine rotor is obtained. 
Unlike steam engines that have large dimensions, they work at low speed and low 
efficiency; steam turbines are incomparably more efficient and more dynamic devices with 
high efficiency and great performance. [8] 
2.4 History of steam turbines 
The first device that may be classified as a reaction steam 
turbine was little more than a toy, the classic Aeolipile, 
described in the 1st century by Hero of Alexandria in Roman 
Egypt. In 1551, Taqi al-Din in Ottoman Egypt described a 
steam turbine with the practical application of rotating a spit. 
Steam turbines were also described by the Italian Giovanni 
Branca (1629) and John Wilkins in England (1648). The 
devices described by Taqi al-Din and Wilkins are today known 
as steam jacks. In 1672 an impulse steam turbine driven car 
was designed by Ferdinand Verbiest. A more modern version 
of this car was produced some 
time in the late 18th century by an 
unknown German mechanic. In 1775 at 
Soho James Watt designed a reaction turbine 
that was put to work there. In 1827 the 
Frenchmen Real and Pichon patented and 
constructed a compound impulse turbine. 
[10] 
The modern steam turbine was invented 
in 1884 by Sir Charles Parsons, whose first 
model was connected to a dynamo that 
 
 
Figure 2-2: Aeolipile from Heron of Alexandria [9] 
Figure 2-3: Dynamo Electric Machine [11] 
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generated 7.5 kilowatts (10.1 hp) of electricity. The invention of Parsons' steam turbine made 
cheap and plentiful electricity possible and revolutionized marine transport and naval warfare. 
Parsons' design was a reaction type. His patent was licensed and the turbine scaled-up shortly 
after by an American, George Westinghouse. The Parsons turbine also turned out to be easy 
to scale up. Parsons had the satisfaction of seeing his invention adopted for all major world 
power stations, and the size of generators had increased from his first 7.5 kilowatts (10.1 hp) 
set up to units of 50,000 kilowatts (67,000 hp) capacity. Within Parson's lifetime, the 
generating capacity of a unit was scaled up by about 10,000 times, and the total output from 
turbo-generators constructed by his firm C. A. Parsons and Company and by their licensees, 
for land purposes alone, had exceeded thirty million 
horse-power. [10]  
A number of other variations of turbines have 
been developed that work effectively with steam. 
The de Laval turbine (invented by Gustaf de Laval) 
accelerated the steam to full speed before running it 
against a turbine blade. De Laval's impulse turbine is 
simpler, less expensive and does not need to be 
pressure-proof. It can operate with any pressure of 
steam, but is considerably less 
efficient.[citation needed] Auguste 
Rateau developed a pressure 
compounded impulse turbine using the de Laval principle as early as 1896, obtained a US 
patent in 1903, and applied the turbine to a French torpedo boat in 1904. He taught at the 
École des mines de Saint-Étienne for a decade until 1897, and later founded a successful 
company that was incorporated into the Alstom firm after his death. One of the founders of 
the modern theory of steam and gas turbines was Aurel Stodola, a Slovak physicist and 
engineer and professor at the Swiss Polytechnical Institute (now ETH) in Zurich. His work 
Die Dampfturbinen und ihre Aussichten als Wärmekraftmaschinen (English: The Steam 
Turbine and its prospective use as a Heat Engine) was published in Berlin in 1903. A further 
book Dampf und Gas-Turbinen (English: Steam and Gas Turbines) was published in 1922. 
The Brown-Curtis turbine, an impulse type, which had been originally developed and 
patented by the U.S. company International Curtis Marine Turbine Company, was developed 
in the 1900s in conjunction with John Brown & Company. It was used in John Brown-
engined merchant ships and warships, including liners and Royal Navy warships. [10] 
 
 
Figure 2-4: Laval Impulse Steam Turbine [11] 














2.5 Division of steam turbines 
Steam turbines can be divided into many aspects and parameters. The following 
subchapter will provide a comprehensive summary of how to divide. [8] 
2.5.1 According to admission steam pressure 
Depending on the admission pressure or inlet vapor, the turbines are divided: 
• Low pressure - for pressures less than 2.5 MPa. 
• Medium pressure - for pressures from 2.5 to 6.4 MPa. 
• High pressure - for pressures greater than 6.4 MPa. 
2.5.2 Depending on the type of blades 
Division by type of blade is also called a division according to the principle of energy 
conversion. It is a turbine: 
• Equal-pressure (action) - Expansion of steam occurs especially in the stator 
(distribution) part of the stage. 
• Overpressure (reaction) - steam expansion takes place throughout the stage, both 
in the stator and the rotor. 
• Curtis wheels - this is a special type of flat-bladed gear. 
 Figure 2-5: Turbine Diagram of an AEG marine steam turbine 1905 [9] 
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2.5.3 According to admission steam parameters 
Depending on the admission or inlet vapor parameters, the turbines are divided: 
• With overheated admission steam - this is a standard implementation of steam 
turbines eg for heating plants. 
• With saturated admission steam - this is the implementation of steam turbines 
for nuclear power plants with pressurized water reactors. 
2.5.4 Depending on the use of emission steam 
Depending on the use of the emission or output vapor, the turbines are divided: 
• Condensing - a condenser is placed behind the turbine, where the pressure is very 
low (about 6 kPa). Usual use eg in heating plants. 
• Backpressure - turbine pressure is higher than barometric pressure. These 
turbines are mainly used where there is a great need for process steam. 
• The sampling - backpressure and condensing turbines have nowadays 
implemented steam extraction for various purposes eg for regenerative water 
supply heaters, degasifiers or power pump drives. 
2.5.5 Depending on the number of degrees 
The basic construction element of the turbine is the stage (stator + rotor). Depending on 
the number of stages, steam turbines are distributed: 
• Single-stage - All steam expansion takes place on one stage. 
• Multi Stage - Expansion of steam takes place on several stages of the turbine. 
2.5.6 According to the predominant direction of steam flow 
Depending on the direction the steam flows through the device, the turbines are divided: 
• Axial - steam flows parallel to the axis of rotation of the machine. This is 95% of 
today's steam turbines. 
• Radial - steam flows perpendicular to the axis of rotation of the machine. These 
turbines are hardly seen today. They were manufactured at the 1st Brno machine 
shop. 
• Radial axial (centripetal) - steam enters the turbine perpendicular to the axis of 
rotation and then extends parallel to the axis of rotation. Several of these turbines 
were produced by Škoda Turbíny. 
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2.5.7 Depending on the type of steam sampling 
Depending on the type of steam sampling for different purposes, the turbines are divided: 
• With an unregulated take-off - as the name says, the vapor pressure is not 
regulated for these steam take-offs. The sampling takes place at one or more 
locations of the turbine and these take-offs are used, for example, for regenerative 
water supply heaters. 
• With a controlled take-off - the number of these withdrawals is limited because 
the steam goes out of the heat cycle system, such as heat for the consumer. 
2.5.8 Depending on the number of turbine bodies 
Depending on the number of bodies, turbines can be divided: 
• One - body - these are primarily smaller types of turbines. 
• Multiple bodies - Expansion takes place in several turbine bodies eg VT - ST - 
NT. Individual intercoolers or moisture separators can be placed between the 
units. 
2.5.9 According to the turbine mobility 
Based on mobility, we divide the turbines: 
• Mobile - This type of turbine is mainly used on ships such as the Russian 
mobile nuclear power station with steam steam turbine. 
• Stationary - fixed turbines eg in heating plants or plants. 
2.6 The principle of work of steam turbines 
The principle of steam turbine activity is the transformation of water vapor enthalpy into 
the mechanical energy of the rotor shaft of the turbine. 
If the overpressure blade is used, the steam expansion in both the stator and the rotor 
takes place, that is, the entire stage. If the equipotential blade is used, expansion occurs only 
in the stator part of the turbine stage. 
Expansion is a process in which pressure and temperature drop and, together with a 
specific volume, the flow rate of the flow medium increases. Thus, the enthalpy of the steam 
decreases with the pressure component and the kinetic energy of steam increases. In contact 
with circular blades, the kinetic energy is passed to the rotor and changes to mechanical 
energy, respectively turbine work. 
Steam turbines are considered to be high-speed machines, so the water vapor molecule 
will run them very quickly and will not be able to pass on the heat of the turbine body. That is 
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why we consider the ideal working process of steam turbine expansion as an isotropic 
process. 
Applying the previous knowledge of the change of heat to the formula [ ]10 −⋅= kgJdq  of 
the second formulation of the first thermodynamic law (2.1), the equation of the technical 
work of the ideal isotropic process (2.3) will be obtained by mathematical modifications (2.2). 
What is the mechanical job of the turbine: 




























⋅−=∆= kgJhhha izeeaizeizet       (2.3) 
Equation (3.3) is also called an isotropic enthalpy gradient [ ]1−⋅∆ kgJhize . 
However, as seen in Figure (2 – 6), in fact, the turbine is unable to process the ideal enthalpy 
gradient as losses occur. The actual enthalpy gradient is therefore [ ]1−⋅∆ kgJh . Thanks to this 
knowledge it is possible to determine the internal thermodynamic efficiency of the turbine 



















       (2.4) 
As can be seen from the foregoing knowledge, the larger the enthalpy gradient, the 
greater the work done by the turbine. However, it must be borne in mind that each stage of the 
turbine, ie the stator + rotor, is able to transform only a certain maximum enthalpy gradient. 
Therefore, because of the increase in efficiency, the turbines are built on several stages. [8] 
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Figure 2-6: Enthalpy-entropy diagram for a turbine stage [13] 
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2.7 Energy transformation analysis of axial steam turbine 
2.7.1 Pressure in axial stage 
Axial steam turbines are nowadays more than 95% used in power and industry. Therefore, 
energy transformation analysis will be performed on the stage of the axial turbine. 
 
Figure 2-7:  Degree of axial steam turbine, course of pressures [4] 
In the figure above, you can see the distribution and circular blades in the cut. The 
graphical representation of the pressure pattern shows the expansion in the stage, and since 
the expansion takes place in both the stator and the rotor part, it is a pressure stage. [4] 
2.7.2 Speed course in axial scale 
The figure (2 - 8) is the same step but with the input and output speeds plotted. Since this 
is a plane vane grid, the circumferential velocity is the same for both the rotor and the stator 
and has a value u .  
The steam enters the stator at absolute speed c′ . The shape of the stator blade copies the 
direction of the absolute velocity vector c . Due to the expansion of the steam in the stator part 
the pressure drops and the absolute speed increases to the absolute velocity at the output of 
the stator Sc2 , this speed is equal to the absolute speed at the input of the rotor 1c . In the rotor, 
however, the steam is in a relative environment, so there is a relative velocity w . From 
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knowledge of speed 1c  andu , you can draw a triangle and get a relative speed at the rotor 
inlet 1w . 
The shape of the rotor blade copies the direction of the relative velocity vector w . There 
are two cases now. 
If there is an equal degree, the expansion in the rotor is no longer running and the relative 
velocities are equal 21 ww =  or is the overpressure stage and then the relative speed at the 
inlet to the rotor is greater than the relative velocity at the outlet of the rotor 1w > 2w . In any 
case, steam escapes from the rotor at relative speeds at the outlet of the rotor 2w  and by 
connecting to the peripheral speed u  and the triangle representation gives the absolute speed 
at the rotor exit 2c , which is also the input speed to the next stage. [8] 
 
Figure 2-8: A flat bladed grid of the equal-stage stage of an axial steam turbine [4] 
2.7.3 Speed triangles in axial scale 
Figures (2 - 9) show the speed triangles of the above step. Absolute velocity at stator 
input c′  has a value of approximately [ ]13020 −⋅÷ sm . Conversely, the absolute velocity at the 
output of the stator Sc2  is very high. At pressurized levels, it is lower than the speed of sound, 
and in the case of equal degrees its value may exceed the speed of sound. 
As previously mentioned, the circumferential velocities have a constant value in the plane 
blade grid RS uuu == . Too high circumferential velocity could cause tearing of the blade 
hinges due to large centrifugal forces.
 
Figure 2-9: Speed triangles of equal-grade axial steam turbine [4] 
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More detailed descriptions of the above figures will be made in subchapters 2.7.3 and 
2.7.4, which deal with the overpressure and equal blade of the turbine stages. [8] 
2.7.4 Optimization of speeds and angles 
It is also an attempt to optimize some angles to achieve better steam turbine parameters. 
E.g. angle 1α  is an effort to bring value as close as possible 0°. However, this is not realistic 
and in reality its size is around °÷°= 16121α . 
Also the absolute speed at the rotor outlet 2c  should be as small as possible. This speed is 
related to the angle 222 180 βαα −−°=′ , which connects vectors to velocity 2c  and u . This 
angle should be as close as possible to the value 90°. In practice, however, its value 
)8880(1802 °÷°−°=′α . 
2.7.5 Euler's equation 
The energy transformation in turbines is described by Euler's equation. To understand the 
function of Euler's equation correctly, you need to answer two basic questions. 
2.7.5.1 What is the transformation of energy? 
The answer is given by the equation of the second Newtonian law (2.5), the Law of Force, 
which reads: 
"If a body acts on a force, then the body moves with an acceleration that is directly 
proportional to the applied force and inversely proportional to the weight of the body." [15] 
More often this law is expressed as power F  is equal to the momentum change of 
momentum hybp . This can be expressed by equation (2.5). Momentum hybp  can be broken 
down as the product of the mass and the difference of the peripheral components of the 









==        (2.5) 
Adjusting the equation to the shape: 
ucmF ∆⋅=⋅τ          (2.6) 
Several mathematical adjustments will now be made (2.7) to clarify the quantities of 
turbine energy transformations.  
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First, the equation is multiplied by the radius r . This will gain momentum M . The next 
step is to multiply the equation by the angular velocityω . On the left side of the equation, 
then power is obtained P  and the peripheral speed on the right sideu . Will multiply 
performance further P  timeτ , work will be gained A . Then carry out the weight equation m , 










































       (2.7) 
( ) [ ]121 −⋅−⋅= kgJccua uu        (2.8) 
The equation of the specific work is also called First expression of Euler's equation (2.8). 
What does this writing say about energy transformation? If the peripheral velocity is obtained, 
the equation (2.9) will be obtained. 
[ ]1−⋅⋅⋅= smnDu pi         (2.9) 
The steam turbine is an effort to get mechanical energy, work. Therefore, all the 
transformational processes lead to this work. Based on equations (2.8) and (2.9), it can be 
stated that the amount of work that can be discharged from the turbine depends on the rotor 
speed n , the dimensions of the blades represented here by the diameter D  and the curvature 
of the current in the planar blade grid, represented here by the peripheral components of the 
absolute velocities uc1  a uc2 . 
As mentioned in subchapter 2.6.4, it is an attempt to optimize some angles to certain ideal 
values. If an angle is then set °=′ 902α , the mathematical modification (2.10) of the equation 
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[ ]11 −⋅⋅= kgJcua u         (2.11) 
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2.7.5.2 In what parts and how does the energy transform? 
 
Figure 2-10: Speed triangles of equal-grade axial steam turbine [4] 
Once again there is a picture of the speed triangles. Individual members in the velocity 
triangle can be mathematically replaced, for example, with the Kosin sentence (2.12), which 
allows you to calculate the angle in a triangle based on the knowledge of all three of its sides, 
or to calculate the triangle side based on the knowledge of the two sides and the angle 
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(2.13) 
By setting the equation of the specific work (2.11) the equation of the maximum 




















































































































= kgJwwcca        (2.14) 
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2.7.5.2.1 Stator energy transformation 
From the formula of the second formulation of the first thermodynamic law (2.1) the 
equation of the total energy of the working medium is determined. There is no heat exchange 
with the surroundings 0=dq , stator stands, does not work so he is 0=tda . 
Thus, the enthalpy change occurs in the total energy equation (2.15) Sh∆ , and since steam 
enters the stator at a certain velocity and also flows out at some other velocity, the equation 
also includes an increase in the kinetic energy in the stator 2
2
1
Sc∆ . [4], [16] 




SSSC chh ∆+∆=∆         (2.15) 

















       (2.16) 
When the enthalpy drops, the absolute velocity of the stator output must increase 22Sc . 
Therefore, it is a confirmation that the stator is expanding (2.16). 
2.7.5.2.2 Energy transformation in the rotor 
Here also, the equation of the second formula of the first thermodynamic law (2.1) 
determines the equation of the total energy of the working medium. There is no heat exchange 
with the surroundings 0=dq , but the rotor does work, so it's already here tda . 
Thus, in the equation of total energy (2.17) there is an enthalpy change Rh∆ , and since 
steam enters the rotor at a certain speed and also exits with some other velocity, the equation 
also includes an increase in the kinetic energy in the rotor 2
2
1
c∆ . [4], [16] 















































      (2.18) 
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The Equation of Maximum Energy (2.14) is added to the equation of total energy (2.17). 
Mathematical modifications (2.18) show that all work is done from the turbine rotor. 
2.8 Types of turbine blades 
As mentioned in subchapter (3.4.2), there are two basic types of turbine blades and one 
special type designed for input stages to stabilize the steam flow. 
The following subchapter deals with the description and mutual differences of these three 
types of blades. However, it is first necessary to define the concept of the degree of reaction. 
2.8.1 Degree of reaction 
It is a type of paddle type. It can be defined as the ratio of the entropic entropy of the rotor 





















       (2.19) 
  
Figure 2-11: Enthalpy vs. Entropy diagram for stage flow in turbine [16] 
In the reaction step [ ]−= 5,0r  it is an overpressure blade. In these stages the pressure in 
front of the circulating blades is greater than the pressure behind them. Number 0.5 indicates 
that about half the enthalpy gradient is processed in the stator part and half in the rotor part. 
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In the reaction step [ ]−= 0r  it is a flat-bladed blade because the pressure before and 
behind the run-up blades is the same and all the enthalpy gradient is processed in the 
distribution blades. 
Nowadays, however, the turbines do not follow precisely these constants. There are 
turbines with a reaction rate of 0 to over 0.5. Even flat-bottomed turbines work with a little 
reaction, usually around 2 to 3% on the blade of the blades. 
However, in order to simplify concepts in theory, we will continue to work with constants 
[ ]−= 0r
 for equal blade and 0.5 for overpressure blade. [8] 
2.8.2 Overpressure (reaction) stage 
 The overpressure reaction stage is characterized 
by long and slender blades. The shape of the blades 
is the same in the stator and rotor parts, which is 
advantageous in the design and manufacture of the 
blades. 
The degree of reaction in any actual blade is 
always greater than 0. As has been said, ideally the 
reaction rate is equal to 0.5. This indicates the 
processing of the half of the enthalpy gradient on 
the stator and half of the enthalpy gradient on the 
rotor. The following inequalities of important 
variables (2.20), such as enthalpy, temperature, 
pressures and velocities, represent the expansion of 






























   (2.20) 
 
Figure 2-12: Cylindrical 
section of the overpressure 
and the course of pressures 
and speeds [17] 
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Figure 2-13: Speed triangles, h - with a diagram and cut with overpressure blades [4] 
 
The interplanar channel has, in both the stator and the rotor, the shape of 
a tapering nozzle. This shape ensures gradual expansion across the entire 
stage. It is also important to minimize the clearance between the distributor 
and circular blades to reduce the loss of steam from the ducts of the 
circulating blades. 
 This method of blowing the turbine is most often used in the last stages, 
because it processes well the small enthalpy 
gradients. However, due to the erosion of wet 
steam, these blades are made from the most expensive 
materials and therefore their price is very high. [8] 
The following diagram shows how expansion works in the turbine overpressure.  
 
Figure 2-15: h - s steam expansion diagram in overpressure [4] 
 
Figure 2-14: Overpressure blades [18] 
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Mathematical adjustments (2.21) represent the calculation of the isotropic measurement 
work izeca , , which is equal to the total maximum enthalpy gradient in the degree max,,, izeCSTh∆ . 
Which is equal to the total maximum This work can also be calculated as the product of the 















αα       (2.21) 
To compare the enthalpy gradient of each blade species, the peripheral speed will now be 
selected [ ]1280 −⋅= smu & . 
The absolute speed at the rotor input has the magnitude of the approaching sound velocity 
[ ]11 300 −⋅=≤ smac zvuk & . Normally, however, its size varies from 260 to 280 [ ]1−⋅ sm . Thus, it 
can be argued that the circumferential velocity is approximately the same as the absolute 
velocity at the rotor inlet 1cu =& . The result of equation (2.22) is that the overpressure turbine 
stage is able to process the enthalpy gradient approximately equal to the quadratic angular 












        (2.22) 
E.g. when both the circumferential and absolute velocity values of 280 [ ]1−⋅ sm  are 














     (2.23) 
The selected overpressure stage is capable of handling gradient [ ]178400 −⋅ kgJ at 
maximum. 
  
Theory of steam turbines 
43 
2.8.3 Equal (action) stage 
Equal-action, action stage is characterized by 
short, massive blades wrapped around the 
circumference to protect against vibration and 
vibration. 
The degree of action of the blade is ideally 
equal to 0. This indicates that the entire enthalpy 
gradient is processed on the distribution blades. The 
equations below (2.23) of important variables such 
as enthalpy, temperature, pressure and velocity 






























Figure 2-17: Speed triangles, h - s diagram, and cut with equal blades [4] 
The interplanar channel of the distributor blades may be in the form of a convergent 
divergent nozzle or Laval nozzles. This also means that the absolute velocity at the output of 
the stator can be substantially greater than the speed of the sound 
[ ]112 600 −⋅≈>= smacc zvukS  and in this case the so-called supercritical flow is achieved. 
 
Figure 2-16: Cylindrical 
cross-section cylindrical section 
and the course of pressures and 
velocities [19] 
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There is no expansion in the rotor and the pressure before and after the rotor is constant. 
This indicates that there is no loss of steam before and behind the impeller. For this reason, it 
is possible to maintain a relatively large clearance between the stator and the rotor. 
The intersection cross section of the intersection channel in the rotor part is also constant 
throughout the blade length. There is no current curve or force effect. However, when the 
steam passes through the impeller, the absolute velocity decreases and thus a part of the 
kinetic energy is passed to the impeller. This method of paddling is used at the input stages 
because it is well tolerated by higher pressure loads and greater enthalpy gradients. [8] 
The following diagram shows how the expansion in the equal-stage turbine stage looks.
 
Figure 2-18: Steam expansion diagram in Equal Level [16] 
From the velocity triangles of Figure (2 - 17), it follows that the peripheral component of 
the absolute velocity at the rotor inlet uc1  is approximately 2 times greater than the peripheral 
speed u . The result of equation (2.24) is that the equipotential turbine stage is able to process 














       (2.24) 
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E.g. if both the peripheral and absolute velocity values are selected 280 [ ]1−⋅ sm  an 













    (2.25) 
The equal-degree selected in this way is able to maximally handle the gradient 
[ ]1800156 −⋅ kgJ . 
2.8.4 Curtis wheel 
C - Wheel is a special type of flat-blade that is used to handle a large enthalpy gradient. It 
is installed in the inlet section of the steam turbines and is called the control stage because it 
serves to regulate and stabilize the steam flow before entering the next stages. The 
disadvantage of this blade is less efficient than the conventional flat or overpressure stage.  
It consists of a stator part I and a rotor which has two (or three) wings of the impeller 
blades. In one stage, there are two rows of impellers II and IV on the rotor, and between them 
there are so called reversible blades III located in the stator housing, see Figure (2 - 19). 
 
Figure 2-19: Cylindrical section Curtis [4] 
Steam has a great absolute speed at the rotor exit after passing through the first ring of the 
orbital blades 2c , therefore it is brought into return blades in which only the absolute velocity 
vector is rotated and it goes into the next wreath. Curtis's level is usually a free space in which 
the current is settled and compared, and then the equal degrees are followed. [8] 
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Figure 2-20: h - s steam expansion diagram C - round [4] 
Assuming the angle °= 01 &α  (near zero) and the absolute speed at the outlet of the second 
ring of the rotor blades 4c  it extends approximately parallel to the axis of rotation, i.e. 
°= 904 &α . It can then be stated that the peripheral component of the absolute velocity at the 
inlet to the rotor is equal to the absolute velocity at the inlet to the rotor 11 cc u = . Z it follows, 
as in previous cases, that the maximum enthalpy gradient and the specific work of the degree 
are equal to the product (2.26). 
[ ]11,max,,, −⋅⋅==∆ kgJcuah izecizeCST       (2.26) 
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Figure 2-21: Plane paddle lattice and velocity triangles of Curtis degree [4] 
From the velocity triangles in Figure (2 - 21) it follows that the peripheral component of 
the absolute velocity at the inlet to the rotor uc1  is approximately 4 times greater than 
circumferential speed u . The result of Equation (2.27) is that the Curtis turbine stage is 
capable of processing an enthalpy gradient approximately equal to four times the square of 














       (2.27) 
E.g. if both circumferential and absolute velocity values are selected 280 [ ]1−⋅ sm  it 














    (2.28) 
The Curtis degree chosen in this way is able to process the gradient at maximum 
[ ]1600313 −⋅ kgJ . 
2.8.5  Conclusion and comparison of blading 
At the end of the above-mentioned subchapters, it can be stated that the turbine 
turbomachining can handle about two times the enthalpy gradient than the overpressure 
blading. This makes it possible to use a smaller number of stages and thereby reduce the cost 
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and size of the turbine, respectively, the rotor shaft. However, the overpressure blading is not 
so heavily stressed, it allows smoother pressure changes and also achieves greater efficiency. 
Equal-pressure padding has greater frictional losses, swirling and current tearing, so its 
efficiency is lower. Although Curtis's grade can handle a quadruple enthalpy gradient over the 
pressure stage, it has the lowest efficiency. 
All three methods of blading have their advantages and disadvantages, so turbines most 
often consist of a combination of these steps. The Curtis stage is installed at the inlet and the 
equal-pressure paddle is installed, and overpressure bladed stages are performed on the outlet 
side. 
Note: In the practical part of the thesis is used a special method of blading, which is neither 
equal pressure nor overpressure, but it is called blading with increased reaction. 
  
Figure 2-22: Dependence of relative stage efficiency with different type of blading to the 
ratio of circumferential speed to input absolute speed to the rotor [20] 
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3. The theory of turbulent flow 
3.1 Introduction to Flow 
There are two types of flow of real fluids, laminar or turbulent flow. The nature of the 
movement of the fluid particles determines the kind of matter. 
If the velocity profile of the flow field is delimited by the mean velocity value, it is a 
laminar flow in which there is minimal mass and energy transfer between the fluid layers. 
Thus, laminar flow can be calculated by direct numerical simulation without the need to 
model equations. 
In the next chapter, however, the turbulent flow will be mentioned, which can be defined 
as the non-stationary non-periodic movement of the fluid particles produced at higher flow 
rates. There is no more direct simulation here, since the increase in speed starts to increase the 
influence of inertia forces, which cause random streamlines, which then change their direction 
and size. Thus, turbulent flow is characterized by a complicated internal structure. 
The so-called boundary layer is formed, which forms a laminar sublayer with a minimum 
thickness. As the name implies, there is a laminar flow. Behind the laminar sublayer lies a 
transition sublayer where current disturbances are already present and behind it there is a fully 
developed turbulent flow. 
An example is shown in Figure (3 - 1). A thin plate that is flowed by a stream of fluid in 
which the pressure is constant throughout. As can be seen on the left side of the figure, the 
fluid velocity increases up to the free-flow rate. The zero speed of the plate is due to the 
viscosity. The boundary layer thickness is zero at the leading edge and its maximum size at 
the trailing edge. In the boundary layer, the streamlines do not have the shape of parallel lines 
but diverging curves. [8], [22] 
 
  
Figure 3-1: The boundary layer and sublayers [21] 
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3.2 Reynolds number 
It is a dimensionless calculation criterion that determines the boundary between laminar 
and turbulent flow. 
If one-dimensional flow in the pipeline is considered, the Reynolds number is calculated 
from the mean velocity in the pipeline [ ]1
,
−
⋅ smw sk , the inner diameter of the pipe [ ]md  and 




         (3.1) 
In this case, the critical value is 2230Re =krit [ ]− . It follows that it is kritReRe ≤  it is a 
laminar flow and if it is kritReRe ≥  it is a turbulent flow. 
In the previous example of a slab flowed by parallel current, the Reynolds number is 
calculated from the free current velocity [ ]1−
∞
⋅ smw , distance from the leading edge [ ]mxk  
and kinematic viscosity [ ]12 −⋅ smν . 
[ ]−⋅= ∞
ν
kxwRe          (3.2) 
In this case the Reynolds number is critical [ ]−⋅= 5105Rekrit . [8] 
Blade profiles have a characteristic dimension for calculating the Reynolds number of the 
blade. 
3.3 Turbulent flow properties 
3.3.1 Random movement 
Turbulent flow is characterized by random movement of fluid particles. By fluid particle 
is meant a volume that contains a large number of fluid molecules. The random motion itself 
is composed of an ordered central motion and random fluctuations (Brownian motion). 
Fluid molecules impinge on other molecules as they move, slowing down this impact and 
transferring some of their momentum to other molecules, which then accelerate. Thus, 
momentum is shared between layers of fluid at different speeds, and this is manifested by 
increasing resistance to the main flow direction. This is called internal fluid friction. [22] 
3.3.2 Tangent Voltage 
Tangential stress is due to fluid friction, velocity gradient, and fluid momentum change 
due to their penetration between adjacent layers. This unsteady movement is called additional 
turbulent tension. [22]  
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3.3.3 Turbulent viscosity 
The kinematic viscosity of turbulent flow is no longer a constant, as was the case with the 
viscosity of laminar flow. It is now referred to as a function that depends on the state of the 
flowing fluid and the position of the point to which it is related. It therefore depends on the 
momentum sharing due to random fluctuations and the remoteness of the point from the wall. 
These assumptions depend on the velocity profile of the turbulent flow, whose shape is no 
longer parabolic, as in laminar flow, but it is flatter in nature. [22] 
3.3.4 Diffuse nature of turbulence 
Due to velocity gradients in fluctuations, viscous stresses and dissipations, or irreversible 
changes of one form of energy to another, arise. Due to the decrease in the kinetic energy of 
the turbulence, the internal energy of the fluid increases, therefore it is necessary to 
continuously supply energy to the system, if not, turbulence ceases and the speed and return 
to laminar flow is reduced. [22] 
3.4 Turbulent flow 
The general definition says that flow can be called turbulent, if its variables show chaotic 
and random fluctuations, both in space and in time. 
 
Figure 3-2: Speed-time dependence of fully developed turbulent flow [22] 
The father of the first work on the theory of turbulent flow is Osborne Reynolds, who 
published it in 1883. He introduced the first equations that try to physically describe this flow. 
However, even today, this task is not completely resolved. Although chaos and nonlinear 
dynamic systems have made considerable progress, there is still no way to fully understand 
the nature of turbulence. 
Turbulence occurs in many technical fields and their basic elements are turbulent beliefs. 
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3.4.1 Classification of turbulent flow based on time scales 
Osborne Reynolds introduced the concept of Reynolds number, which has already been 
defined in subchapter 3.2. However, it is now appropriate to elaborate on this concept. 
As already described in the chapter above, the Reynolds number is a dimensionless 
criterion dependent on the characteristic length dimension (scale) [ ]ml  and velocity of 
flowing fluid (velocity scale) [ ]1−⋅ smwk . These terms will hereinafter be referred to as 
macroscale. Furthermore, the Reynolds number is inversely proportional to the dependent 
































     (3.3) 
Mathematical modifications (3.3) represent the expression of Reynolds number as a ratio 
of the time scale of molecular diffusion [ ]sTν  to time scale [ ]sTt  indicating the transmission 
of turbulent vortices of the macroscale [ ]ml . Then it pays: [24] 
• 1Re. << tjTT tν   Laminar flow. Molecular diffusion marches 
predominate and turbulent vortices disintegrate. 
• 1Re. ≈≈ tjTT tν   Transition state. The laminar flow changes to turbulent 
beyond the critical Reynolds number. This flow is initially periodic, but the 
further increase in Reynolds number increases instability, decreases periodicity, 
and flows become turbulent. 
• 1Re. >> tjTT tν   Turbulent flow. Turbulent beliefs persist. However, 
most of the flow meets the parameters of turbulent flow, although low parameters. 
• 1Re. >>>> tjTT tν  Fully developed turbulent flow. It indicates that the 
effect of molecular diffusion is negligible due to the swirl dynamics. It can be 
stated that turbulent vortices are in this case almost non-viscous. 
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3.4.2 Dissipation rate 
As mentioned in subchapter 3.3.4, dissipation is the irreversible change of one form of 
energy to another. These changes are important because turbulent vortexes lose their kinetic 
energy and change them to increase the enthalpy of the flowing medium. Thus, dissipation is 
the rate ratio [ ]1−⋅ smwk  and macroscale [ ]ml . [22] 
[ ]323 −⋅= sm
l
wkε
         (3.4) 
3.4.3 Kolmogorov scale 
This is a micro-scale for better description of dissipation areas. It is determined by the 











         (3.5) 
Or it can also be determined from the length macroscale [ ]ml  and Reynolds numbers 








       (3.6) 
  
Figure 3-3: Distribution of layer near the wall - in linear and logarithmic coordinates [22] 
In the above figure (3 - 3) you can see the difference in clarity of using decadic and 
logarithmic coordinates. [24]  
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3.4.4 Turbulent vortex splitting 
The turbulent flow swirls have dimensions lying in the region of the microscale [ ]mη  up 
to the macro scale [ ]ml . Depending on the location, the beliefs are divided: [22] 
• By the Wall: 
? Hairy beliefs – hairpin 
? Cracking – bursts 






Figure 3-4: Development of turbulent flow on the wing [23] 
3.4.5 Techniques of turbulent flow modeling 
As mentioned in subchapter 3.4, there is not yet a clear physical model of the nature of 
turbulent flow. Therefore, three different theoretical approaches based on empirical findings 
in experiments or on practical applications that have been constructed using basic fluid flow 














Figure 3-5: Block diagram of individual methods of mathematical modeling of turbulent flow 
[24] 
.  
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3.4.6 DNS direct numerical simulation method 
The advantage of the Direct Numerical Simulation (DNS) method is the ability to directly 
simulate turbulent flow in a particular task with high accuracy. The disadvantage of high 
calculation accuracy and very fine computing networks are the high demands on computer 
technology. The number of nodes for the DNS method can be estimated from the 
Kolmogorov micro scale, which shows the dimension of the smallest turbulent vortices, see 
subchapter 3.4.3. This means that the number of nodal points increases exponentially with the 
increase of Reynolds number. [22] 
3.4.7 LES large vortex method 
The large vortex method (LES - Lagre Eddy Simulation), based on spatial filtration 
methods, is based on the modeling of large vortices as spatial and time-dependent features 
that can be affected in a computing network. Large-scale turbulent beliefs deplete current by 
kinetic energy. Their influence is highly dependent on their location in the flow field and the 
time of occurrence. So they are modeled directly in three-dimensional and time-dependent 
shape. Small scale turbulent vortex structures induced by cascade energy transfer from large 
vortices are generally isotropic, meaning that they are very little involved in transport 
phenomena, but through which viscosities cause turbulent kinetic energy to dissipate to heat. 
Small vortices are parameterized by so-called subgrid models and removed by filtering the 
turbulent field. The computing complexity depends on the choice of filter bandwidth that 
corresponds to the network cell size. This implies the narrower band the finer the network and 
the higher the computing power, but the more accurate the calculation. [8] [22] 
3.4.8 RANS Reynolds centering method RANS 
Time centering method. RANS - Reynolds Averaged Navier Stokes equations are used to 
create static models of turbulent flow that are most commonly used in engineering practice. 
These static models are performed on the basis of time averaging of turbulent flow quantities 
and on the following time centering procedure of balance equations. [22] 
3.4.9 Comparison of mathematical methods of turbulence modeling 
In the Figure below (3 - 6) you can see the application of each of the above calculation 
methods to Figure (3 - 2). The most accurate, but the most complicated computing capacity is 
the DNS method. 
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The LES method achieves good quality results, but the computing power is also 
considerable. In contrast, the RANS method has a somewhat different approach to the 
problem. These are, at present, the best combination of quality and difficulty in calculation. 
Therefore, it is also the most widely used in practice. [8] [22] 
 
Figure 3-6: Mathematical methods of turbulent flow modeling [22] 
3.5 Equations for Turbulent Flow Calculation 
In the following subchapters, several equations will be derived that are used in 
mathematical calculations of turbulent flow. As the issue is quite extensive and complex, 
which is not the goal of this work, only a summary of the most basic information will be 
carried out. 
In the beginning, it is necessary to determine what laws and equations are actually 
available for this issue. From the previous subchapters, it is assumed that at least: 
• State equation 
• Law of Conservation of Mass (Continuity Equation) 
• Energy conservation law (energy equation) 
• Law of Conservation of Momentum (Navier Stockes Equation, N - S Equation) 
In the literature, these equations are often referred to only for laminar flow. However, 
turbulent flow is used here, so it is necessary to adjust these equations and introduce 
fluctuations (fluctuations) of the necessary variables. 
You need to implement Reynolds rules.  
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3.5.1 Reynolds rules 
Time centering is often a technically manageable task. The Reynolds rules, or rules on 
averaging, are applied to variables that can be broken down into a time-centered and 
fluctuating aaa ′+=  a bbb ′+= , with: 




τ     (3.7) 
Thus, the following Reynolds rules apply to the quantities so written: 
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Where ba ′⋅′  is a correlation moment that indicates the relationship between fluctuation 
components and is generally non-zero like 2222 ,, babaa ′⋅′′⋅′′ . This property is typical of 
turbulence because, in other linear wave theories, non-linear members are often equal to zero. 
[24] 
 
Figure 3-7: Fluctuation (irregular motion) and time centered part [22] 
The above rules can be modified as shown in Figure (3 - 7) for further mathematical 


















       (3.9) 
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Where ψζ ′⋅′  is a correlation moment that indicates the relationship between fluctuation 
components. [24] 
3.5.2 Equation of state 
Here a state equation for real water vapor will be introduced. However, it should first be 
noted that the real gas state equation is very complex and therefore simplified and idealized in 
various ways. The equation (3.10) is based on the classical equation for ideal gas. However, it 
also contains elements that are a function of temperature 3210 ,,, aaaa . These terms are 
calculated from empirical formulas that have been determined by experiments, see equation 
(3.11). For the purpose of this work, only a constant is needed 0a , therefore, the 








































a      (3.11) 
Thus, the state equation for the real fluid is of the form: 
0aTRvp ⋅⋅=⋅          (3.12) 
3.5.3 Continuity Equation 
Equation (3.13) represents a law of conservation of mass and, at the same time, a 
continuity equation for laminar flow in a general differential shape for a tube (without cross-














         (3.13) 
Now it is necessary to introduce fluctuations and center the given equation. A continuity 
equation is then obtained for compressible turbulent flow. [23] 













       (3.14) 
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3.5.4 Energy equation 
Equation (3.15) represents the law of conservation of energy and simultaneously the 





















      (3.15) 
Now it is necessary to introduce fluctuations and center the given equation. Then an 
energy equation is obtained for compressible turbulent flow. [23] 
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  (3.16) 
3.5.5 Navier Stockes equation 
An N-S equation in differential form with fluctuations introduced is considered: 

































  (3.17) 
It is supposed to be members ρρ == ,ii ff , it is then possible to write a Reynolds 

































    (3.18) 
Rovnice pro fluktuační složky pak je: 

















































  (3.19) 
The Reynolds turbulent stresses are shaped ji uu ′⋅′− ρ . Figure (3 - 8) shows the 
deformation effects of these stresses in turbulent flow. A cube represents a volume of fluid in 
which fluid of different speeds is mixed by vortex. [24] 
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Figure 3-8: Deformation effects of Reynolds turbulent stresses [22] 
3.5.6 Reynolds voltage 
Starting from Figure (3 - 8), it is important to realize that there are a total of nine 








































    (3.20) 
In general, Reynolds stress generates a tensor or a generalized vector of nine members. 
There are six independent members. There is a problem here because a very complex system 
of six differential equations arises. Therefore, the effort is to simplify the Reynolds stress in 
turbulence models. 
3.5.7 Boussinesqu's turbulent viscosity hypothesis 
This hypothesis is the basis of turbulence models and describes the turbulence state by 
means of turbulent viscosity, which is expressed by the speed scale [ ]1−⋅smurych  and length 
scale [ ]ml . 
rycht ul ⋅≈µ          (3.21) 
The analogy of Figure (3 - 9) between laminar and turbulent flow is assumed to be true. 
In laminar flow, Newton's equation applies to shear stress and turbulent flows are turbulent 
stresses and flows proportional to the mean velocity, temperature, and so forth. 
  
Figure 3-9: Boussinsqu's hypothesis [22] 
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     (3.22) 
It should be noted that turbulent viscosity is not a physical property of a fluid, but is a 
flow property. It depends largely on the value of turbulence and can vary considerably at 
different locations in the flow field. 





































    (3.23) 
Turbulence models are divided according to the number of complementary differential 
equations in terms of turbulent viscosity in the jet field: 
• Non-algebraic models 
• Single-equation models 
• Two-equation models 
Below is a summary of basic flow solutions with emphasis on turbulent solution methods 
and models that are used here. 
  
Figure 3-10: Block diagram of mathematical models of turbulence [25] 
3.6 The most widely used turbulence models in Doosan Škoda Power 
All of these models are used by Ansys FLUENT software, and each one is appropriate in 
a different situation.  
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3.6.1 Spalart - Allmaras turbulent model 
It is a one-equation model created for aeropro-spatial tasks. The simulation is reliable and 
more and more popular because it can work on relatively rough computing networks with 
satisfactory results. Turbulent viscosity is calculated by direct solution of its transport 
equation. [22] 
3.6.2 Turbulent model Standard K – ε 
It is the most popular two-equation model and is used as a base model for further 
simulations. It contains the kinetic energy equation that is formed by subtracting the centered 
momentum equation from the undiluted equation. The second equation is the dissipation 
equation, which is based on the physical nature of the model. This model is used only for 
fully developed turbulent flow. [22] 
3.6.3 Turbulent model RNG K – ε 
This model is a superstructure of the standard turbulent model K - ε  and its advantage is 
improved analysis of fast voltage currents and turbulence effects. Although this method is 
about one tenth slower than the Standard model, it is more accurate due to better analysis in 
the closing areas. [22]  
3.6.4 Turbulent model SST, K - ω 
This is a very popular two-equation model that will be used in this work. SST formulation 
solves calculations of tangential shear stresses a k - ω the formulation, in turn, allows the fluid 
to behave on the inner boundary layer. Therefore, this model is directly applicable to the 
entire flow range, from the laminar layer to the wall, the transition layer to the fully developed 
turbulent part of the stream. 
3.7 Conclusion of flow theory 
The conclusion of this chapter is that the theory of turbulent flow is an evolving scientific 
discipline and current knowledge of turbulence does not allow to create a clear and coherent 
model by which turbulence can be calculated. Therefore, several basic models and equations 
have been introduced that are used in models currently in use. As can be seen, it is an 
advanced mathematics containing systems of differential equations that are difficult to 
manipulate. However, these equations are implemented into computational programs such as 
ANSYS Fluent, and have been presented here for convenience only.
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4. 3D numerical calculation of BFPT T10MW for current 
parameters  
4.1 Introduction of the practical part of the thesis 
In the practical part of the thesis, a three-dimensional numerical calculation of the 
complete T10MW experimental steam turbine will be performed. This turbine is equipped 
with blades derived from the third turbine stage of a BFPT. 
Before the calculation itself, it is necessary to first create a volume of flowing steam. To 
do this, the models and blades drawings, input confuser and output channel drawings will be 
used. 
The first chapter of the practical part deals with the numerical calculation of the degree 
for the specified current parameters, which correspond to the maximum efficiency of the 
stage. The value of maximum efficiency and other important parameters have already been 
determined by experiments carried out in the Doosan Škoda Power laboratory in Pilsen. The 
task of the diploma thesis will be first to verify by calculation whether these parameters 
correspond and evaluate any differences. 
In the second part, the geometry created in the first section will be used to simulate many 
different conditions and with those results, create a plot power versus relative velocities and 
finding a range that occurs ventilation phenomena. Again, the results of the experiments will 
need to be verified. 
The practical part will be described as a creation process from creating geometry to 
analyzing results. It will include comments on images, tables, or graphs. 
Bellow can be seen pictures of the T10MW experimental steam turbine with 3 stages. The 
rotor consists of 48 blades and the stator 64 blades: 
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Figure 4-1: Real rotor and diffuser of 10MW BFPT [Custom Processing] 
 
Figure 4-2: Real 10MW BFPT withot the upper casing [Custom Processing] 
4.2 Resources of the thesis 
Resources for the diploma thesis were provided by Doosan Škoda Power. These are 
models of blades, rotor and stator, of the examined steam turbine created in the Catia V5R21 
modeling software. For the purpose of the thesis, they were first converted into formats 
suitable for Autodesk Inventor 2019. 
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Figure 4-3: Isometric View of Switchgear and Rotor Blades Models [Custom Processing] 
  
Figure 4-4: Isometric View of Switchgear and Stator Blades Models [Custom Processing] 
However, the blades of Figure (4 - 3) are not suitable for computational operations in 
ANSYS CFX because their geometry includes the radius at the heel and at the vanes vane as 
well as at the head of the blade. Although the results of calculating such blades are more 
accurate, the complexity of the network and the more time consumed by such calculations 
make it possible to use rather modified (simplified) geometry of the blades in practice. 
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It was therefore necessary to remove the radiuses directly in Catia, where the blades were 
originally formed. The move itself was very simple. All you had to do was delete the object in 
the browser tree. The modified blades of Figure (4 - 5) are already suitable. 
  
Figure 4-5: Isometric View of Distribution and Rotor Blade Models without Radius and vane 
[Custom Processing] 
 In the end the Doosan Škoda Power provided the simplified stator and rotor blades in 
.turbogrid format that could be imported on TurboGrid and create the mesh for stator and 
rotor chanels. However the diffuser it was created in Autodesk Inventor 2019 according the 
dimetions required. Nevertheless the diffuser outlet was extended for avoid backflow and give 
more stability for the calculations and the diffuser was simplificated. The recommendations of 
extended are ten time the width.   
 
Figure 4-6: Isometric View of Distribution of original diffuser [Custom Processing] 
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Figure 4-7: Isometric View of Distribution and extended and simplificaded diffuser [Custom 
Processing] 
4.3 Creating the geometry of the steam volume in the inter-channel 
The vapor volumes in the inter-channels were created for Turbo mode in CFX-Pre that is 
a specialist mode enabling you to set up turbomachinery simulations, such as compressors or 
turbines, in a simple manner. Each component of a rotating machine can be simply defined by 
selecting a mesh file and some basic parameters and then the boundary conditions and 
interfaces between the components are automatically generated. In addition to the quick setup, 
existing turbomachinery simulations can be easily modified to use alternative meshes or to 
add extra components with minimum effort. Turbo mode is designed to complement ANSYS 
TurboGrid but supports all the common mesh file formats that are supported in the general 
mode. 
In a design process you may first want to construct the individual cases in order to check 
the flow around each individual component. Next you might want to analyze some of the 
“stator-rotor” portions of the machine. With it the flow vapor was created.  
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Figure 4-8: Vapor volumes in the inter-channels created for Turbo mode in CFX-Pre 
[Custom Processing] 
4.3.1 Coupling geometry in the incoming confuser and guide vane 
From the initial analysis of the problem and the dimensional geometry layout, it was 
found that it is advisable to minimize the number of surface areas, edges and points that could 
be trapped when creating a computational network, which would have a negative impact on 
the network itself and, above all, on the computation quality.  
First, the model was trimmed to the required dimensions, the excess material was 
removed and only the blade blade was left. Furthermore, a set of straight lines converging on 
the axis of rotation "x" were created in 3D sketches. These lines were appropriately trimmed 
and the peaks of the resulting line segments connected by curves. This created a 3D surface 
representing the future channel boundary. This area had to be copied and a 5.29 ° pitch copy 
(68 Distributor Blades). This step yielded both boundaries between which the steam volume 
was generated, as shown in Figure (4 - 8). 
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Figure 4-9: Adjustment Spreader Blades [Custom Processing] 
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4.4 Editing geometry in ANSYS 
4.4.1 ANSYS Workbench 19.1 
ANSYS is professional software for solving various problems such as acoustics, 
electromagnetism, mechanics and heat and mass transfer in both 2D and 3D. The Workbench 
is an administrator, but it can also edit geometry and create a compute network.  
 
Figure 4-10: ANSYS Workbench 13.0 [Custom Processing] 
4.4.2 ICEM CFD 19.1 
ANSYS ICEM CFD provides advanced geometry acquisition, mesh generation, and mesh 
diagnostic and repair tools to provide integrated mesh generation for today’s sophisticated 
analyses.  
Maintaining a close relationship with the geometry during mesh generation, ANSYS 
ICEM CFD is designed for use in engineering applications such as computational fluid 
dynamics and structural analysis.  
ANSYS ICEM CFD’s mesh generation tools offer the capability to parametrically 
compute meshes from geometry in numerous formats:  
• Multi-block structured  
• Unstructured hexahedral  
• Unstructured tetrahedral  
• Cartesian with H-grid refinement  
• Hybrid meshes comprising hexahedral, tetrahedral, pyramidal and/or prismatic elements  
• Quadrilateral and triangular surface meshes.  
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ANSYS ICEM CFD provides a direct link between geometry and analysis. In ANSYS 
ICEM CFD, you can input geometry in almost any format, whether a commercial CAD 
design package, third-party universal database, scan data, or point data. Beginning with a 
robust geometry module that supports the creation and modification of surfaces, curves and 
points, ANSYS ICEM CFD’s open geometry database offers the flexibility to combine 
geometric information in various formats for mesh generation. The resulting structured or 
unstructured meshes, topology, inter-domain connectivity, and boundary conditions are then 
stored in a database where they can easily be translated to input files formatted for a particular 
solver. [26] 
For create the mesh of diffuser was used ICEM 19.1 was can be seen bellow figure (4 – 
12). But first the geometry was imported from Autodesk Inventor 2019 figure (4 – 11).  
 
 
Figure 4-11:  ICEM with Imported Geometry [Custom Processing] 
 
Figure 4-12:  ICEM with Diffuser meshed [Custom Processing] 
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4.5 Creating a Computing Network 
4.5.1 ANSYS Meshing 
This software is used to create a computing network and is implemented in ANSYS 
Workbench. It was created separately, stator and rotor by TurboGrid and diffusor by ICEM.  
ANSYS TurboGrid software includes novel technology that targets complete automation 
combined with an unprecedented level of mesh quality for even the most complex blade 
shapes. The desired final mesh size is defined (and, optionally, the blade boundary layer 
resolution), and all the other steps are performed automatically to produce a mesh of 
extremely high quality. Grid angles are exceptionally good, mesh sizes transition smoothly, 
and high aspect-ratio elements are generated in the near-wall regions to resolve these regions 
efficiently and capture boundary layer flows accurately. [31] 
The flexible mesh-generation tools within ANSYS ICEM CFD offer the capability to 
parametrically create volume or surface meshes from geometry or mesh in multi-block 
structured, unstructured hexahedral, Cartesian, tetrahedral, tetra/prism hybrid, hexa hybrid 
and unstructured quad/tri shell formats. [32] 
4.5.2 Stator in TurboGrid 
ANSYS TurboGrid is a powerful tool that lets designers and analysts of rotating 
machinery create high-quality hexahedral meshes, while preserving the underlying geometry. 
These meshes are used in the ANSYS workflow to solve complex blade passage problems. 
As mencioned before, the geometry was provided by Doosan Škoda Power in .turbogrid 
format that could be imported on TurboGrid and created the mesh as Figure (4 – 13). 
 
Figure 4-13: Stator meshing created in TurboGrid [Custom Processing] 
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4.5.3 Rotor in TurboGrid 
The same process was made for the rotor as Figure (4 - 14). 
 
Figure 4-14: Stator meshing created in TurboGrid [Custom Processing] 
4.5.4 Mesh Analysis 
To analysis the mesh should be clicked at mesh analysis and check it out the mesh 
statitiscs, if the values are into the range means that the mesh are good as can seen on Figure 
(4 – 15). 
 
Figure 4-15: Mesh Analysis [Custom Processing] 
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4.6 ANSYS CFX-Pre 19.1  
CFX can be run in two modes: 
• CFX stand-alone, which refers to CFX running as a stand-alone application 
independent of the ANSYS Workbench software. 
• CFX in Workbench, which refers to CFX running as a component inside of the 
ANSYS Workbench software. This is described in ANSYS CFX in ANSYS 
Workbench. 
ANSYS CFX stand-alone has the launcher, which makes it easy to run all the modules of 
CFX without having to use a command line. The launcher enables you to: 
• Set the working directory for your simulation. 
• Start CFX and ANSYS products. 
• Access various other tools, including a command window that enables you to run 
other utilities. 
• Access the online help and other useful information. 
• Customize the behavior of the launcher to start your own applications. 
The launcher automatically searches for installations of CFX and ANSYS products 
including the license manager. Depending on the application, the search includes common 
installation directories, directories pointed to by environment variables associated with CFX 
and ANSYS products, and the Windows registry. In the unlikely event that a product is not 
found, you can configure the launcher using steps outlined in Customizing the ANSYS CFX 
Launcher in the CFX Reference Guide. [27] 
Figure 4-16: ANSYS CFX 19.1 Welcome Screen [Custom Processing] 
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The following subsections describe the ANSYS CFX settings. The most important steps 
that will be performed in each tab will be mentioned.  
4.6.1 General 
As the name suggests, the general parameters are set here. First, it was necessary to set 
the Scale dimension scale in which the computational network was created. In the Units 
section Units it was advisable to change the default angular speed by default [ ]1−⋅ srad  to the 
rotor speed [ ]1min− . Furthermore, this tab performs the quality control of the computational 
network and the geometrical setting, which should be performed several times during the 
setting of boundary conditions. Last but not least, it is possible to set the display of various 
parts of geometry and network. 
4.6.2 Models 
In this tab, computational models are set, the list of which is shown in Figure (3 - 10) and 
described in subchapter 3.7. As already mentioned, the two-equation turbulent model SST, K 
- ω will be used in this work. 
4.6.3 Materials 
As the name suggests, flowing fluid or solid wall material is chosen here. In this case, 
water vapor was selected from the material database for fluid flowing fluid and steel for solid 
walls. However, it was necessary to adjust the steam parameters according to the 
specification. 
The water vapor density will be calculated automatically by the program from the ideal 
gas equation. 
Specific heat capacity has been set as constant, but its exact value has to be calculated, 
see calculation below. 
Thermal conductivity, dynamic viscosity and molar mass were left as default constants. 
4.6.3.1 Specific gas constant 
Specific gas constant for water [ ]112 −− ⋅⋅ KkgJr OH  is calculated from the universal molar 
gas constant from [28] of value: [ ]113,8314 −− ⋅⋅= KkmolJR . Molar mass of water determined 
from ANSYS CFX [ ]12 01534,18 −⋅= kmolkgM OH  from the relationship (4.1): 



















      (4.1) 
4.6.4 Cell Zone Conditions 
This tab is dedicated to setting the boundary conditions in each zone of the flowing 
medium.  
4.6.4.1 Part of Inlet Confuser and Distributor Blades 
First, it is necessary to set the material of the flowing 
medium from subchapter 4.6.4, namely superheated steam. 
Furthermore, the sense of rotation must be correctly defined. 
ANSYS CFX-Pre works according to the clockwise rotation, 
as shown in Figure (4-17). This conclusion is to be compared 
with the coordinate system. It follows that the axis of rotation 
is a negative "x" axis. 
The zone is absolute with zero speed because it is the 
stator part of the turbine stage. 
4.6.4.2 Domains 
CFX-Pre uses the concept of domains to define the type, properties, and region of the 
fluid, porous, or solid. Domains are regions of space in which the equations of fluid flow or 
heat transfer are solved. This section describes how to use the domain details view to define 
the physics of fluid, porous or solid domains in your simulation. This includes selecting the 
3D bounding regions and choosing appropriate physical models. In your case the rotation is 
4000 RPM in all simulations. 
It was created 3 domains: Diffuser, stator and rotor. All of it was configured according the 
pre-settings from Doosan Škoda Power as can be seen on figure (4 - 18). 
Figure 4-17: Rotation 
sense ANSYS CFX-Pre [28] 
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Figure 4-18: Rotor domain settings [Custom Processing] 
4.6.5 Boundary Conditions 
Boundary conditions must be applied to all the bounding regions of your domains. 
Boundary conditions can be inlets, outlets, openings, walls, and symmetry planes. 
Unspecified external regions are automatically assigned a no-slip, adiabatic wall 
boundary condition. Such regions assume the name <Domain> Default, where <Domain> 
corresponds to the name of the domain. Unspecified internal boundaries are ignored. 
You can apply boundary conditions to any bounding surface of a 3D primitive that is 
included in a domain (including internal surfaces). If you choose to specify a boundary 
condition on an internal surface (for example, to create a thin surface), then boundary 
conditions must be applied to both sides of the surface. 
4.6.6 Specifying Well Posed Boundary Conditions 
At first the idea was to create the boundary conditions as inlet static pressure and 
outlet static pressure. But the calculations were very unstable so we decided to follow the 
most robust parameters for the calculatations.  
When there is 1 Inlet and 1 Outlet: 
– Most Robust: Velocity/Mass Flow at an Inlet; Static Pressure at an Outlet. The 
Inlet total pressure is an implicit result of the prediction. 
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– Robust: Total Pressure at an Inlet; Velocity/Mass Flow at an Outlet. The static 
pressure at the Outlet and the velocity at the Inlet are part of the solution. 
– Sensitive to Initial Guess: Total Pressure at an Inlet; Static Pressure at an Outlet. 
The system mass flow is part of the solution. 
– Very Unreliable: Static Pressure at an Inlet; Static Pressure at an Outlet. This 
combination is not recommended as the inlet total pressure level and the mass 
flow are both an implicit result of the prediction (the boundary condition 
combination is a very weak constraint on the system). [29] 
4.6.6.1 Inlet, Outlet 
Channel input has been set as mass flow. This means that you had to enter the mass flow 
at the inlet to the stage [ ]sKgm /4,3850. = , and static inlet temperature [ ]Kt 53,3760 = . 
The channel output was set as Pressure Outlet. It was necessary to define the static 
pressure at the outlet of the stage [ ]Pap 280002 = . As can be seen in the figures (4 - 19 and 4 
- 20). 
 
Figure 4-19: Stator inlet boundary conditions [Custom Processing] 




Figure 4-20: Diffuser outlet boundary conditions [Custom Processing] 
 The boundary conditions on diffuser outlet had a decrease step of pressure of 1000 
[Pa] up to 13000 [Pa] in diffuser outlet pressure. 
4.6.6.2 Mixing Plane a Mesh Interface 
Mixing Plane, it is one of the methods of defining leap area between non-conforming 
networks. In this case, it is the area at the outlet of the Pressure Outlet and the surface at the 
entrance to the Mass flow Inlet. The advantage of this is that you no longer need to define any 
numeric values. All the data you define as Mixing Plane is taken automatically from the 
calculation. The disadvantage is that the contours of the resulting values will not follow each 
other, but will be interrupted at this point. This also affects the distortion of the current field 
and, for example, the inadequate mass flow value in subchapter 4.8.1 used when the transition 
areas do not have the same sector. 
Mesh interface is another way of defining a landing area. This method has been defined 
on the output surface from the Interface and on the input surface into the Interface. Again, no 
other numeric parameters need to be set. The advantage of this method is that the contours 
between the parties pass smoothly and are not interrupted. The disadvantage is greater 
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computational complexity and longer computing time. It is used in the case of an identical 
segment of transition surfaces. 
4.6.6.3 Periodicity 
Frequency is one of the basic conditions for numerical calculation of parts of rotational 
geometries. In this case, the periodicity was preset in the mesher and was now loaded into the 
computator. In Figure (4 - 21), the areas of Periodicity and Shadow area are shown indicating 
the boundary of the calculated sector of the total channel. 
 
Figure 4-21: Periodicity limits [Custom Processing] 
4.6.6.4 Interfaces 
Domain interfaces are used to connect multiple assemblies together, to model frame 
change between domains, and to create periodic regions within and between domains. 
Domain interfaces are automatically generated based on the region information. 
Nevertheless it was created 5 interfaces:  
• Stator periodicity; 
• Rotor to Staror; 
• Rotor periodicity; 
• Rotor to Diffuser; 
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• Diffuser Periodicity. 
Bellow is the configurations of those interfaces. 
 













Figure 4-23: Interface Stator periodicity [Custom Processing] 
4.6.6.5 Walls 
Any remaining areas are marked as Walls. These are the upper and lower surfaces of the 
channel and the walls of the blades. In the unstable part of the calculation, all walls must be 
defined to be moving rotating walls in the direction of rotation of the negatively defined axis 
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"x". The walls must also be relative to the zone to which they belong. Only in this way will it 
be ensured that not only the flowing medium, ie the superheated water vapor, but also the 
walls it flows around will rotate in a zone that has a defined nonzero speed. 
In the stable part of the calculation, the settings of the walls of the Input Confuser Zone 
and the Spreader Blade and Output Channel are changed. These walls will be stationary 
stationary. This is due to the correct calculation of the boundary layer velocity for these walls. 
 
Figure 4-24: Relatively Set Intermediate Channel Walls [Custom Processing] 
4.6.7 Solver Control 
On the Solver Control form, it is recommend that you use the Central Difference 
advection scheme rather than the High Resolution scheme because it is less dissipative and it 
has provided good answers in CFX. Select the transient scheme as 2nd Order Backward 
Euler. 
4.6.7.1 LES Timestep Considerations 
First order fully implicit methods in time are usually too diffusive, and the turbulence is 
damped out. For highly unstable problems, such as cyclones, lower order methods may work, 
but the results will be very damped, unless very small timesteps are used. 
For accuracy, the average Courant (or CFL) number should be in the range of 0.5-1. 
Larger values can give stable results, but the turbulence may be damped. For compressible 
flows where the acoustic behavior is being modeled (eg, for noise calculations), this 
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conclusion still holds, but for the CFL number based on the acoustic velocity as well as the 
convective velocity. 
1,000 - 10,000 timesteps are typically required for getting converged statistics. More steps 
are required for second order quantities (for example, variances) than for means. Check the 
convergence of the statistics. For a vortex-shedding problem, several cycles of the vortex 
shedding are required. 
The implicit coupled solver used in CFX requires the equations to be converged within 
each timestep to guarantee conservation. The number of coefficient loops required to achieve 
this is a function of the timestep size. With CFL numbers of order 0.5-1, convergence within 
each timestep should be achieved quickly. It is advisable to test the sensitivity of the solution 
to the number of coefficient loops, to avoid using more coefficient loops (and hence longer 
run times) than necessary. LES tests involving incompressible flow past circular cylinders 
indicates that one coefficient loop per timestep is sufficient if the average CFL number is 
about 0.75. If the physics or geometry is more complicated, additional coefficient loops (3-5) 
may be required. Timesteps sizes that require more coefficient loops than this will tend to 
degrade solution accuracy. 
The solver control was configured according the pre-settings from Doosan Škoda Power. 
 
Figure 4-25: Solver control tab [Custom Processing] 
 
3D numerical calculation of BFPT T10MW for current parameters 
84 
4.6.8  Monitors 
Monitors are used to observe the state of individual variables during the calculation. It is 
possible to estimate whether the measured variables will be changed or their final value is 
calculated in the required accuracy. 
For this task, a monitor point was created for monitoring the static pressure at inlet hub of 
the Stator. Because it was provided the static pressure on this point so we could change the 
inlet pressure according to those measurements on this point. This is represented by a yellow 
dot in the figure below. 
Figure 4-26: Output control tab [Custom Processing] 
4.7 CFX-Solver manager 19.1 
CFX-Solver Manager is a graphical user interface that enables you to set attributes for 
your CFD calculation, control the CFX-Solver interactively, and view information about the 
emerging solution. As an alternative to using the CFX-Solver Manager interface, you can also 
operate CFX-Solver from the command line, which is particularly useful for batch mode 
operations. [30] 
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Figure 4-27: CFX-Solver manager 19.1 [Custom Processing] 
4.8 CFX-Post 19.1 
In CFX-Post are going to be presented all of the results after simulations. It can be made 
in many different ways. It will be represented the pressures, temperatures, velocities and 
Mach number for 2p  = 22000 [Pa] in 3 layers (planes) of the domain, 5%, 50% and 95% 
according to the hight of the domain. This 2p  = 22000 [Pa] pressure was used because it was 
the pressure that Doosan Skoda provided to be compared. 
 
Figure 4-28: CFX-Pos represention pressures in 3 layers (planes) of the domain, 5%, 
50% and 95% with 2p  = 22000 [Pa] [Custom Processing] 




Figure 4-29: CFX-Pos represention temperatures in 3 layers (planes) of the domain, 5%, 
50% and 95% with 2p  = 22000 [Pa] [Custom Processing] 
 
Figure 4-30: CFX-Pos represention axial velocities in 3 layers (planes) of the domain, 
5%, 50% and 95% with 2p  = 22000 [Pa] [Custom Processing] 
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Figure 4-31: CFX-Pos represention Mach number in 3 layers (planes) of the domain, 5%, 
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 Bellow is the table representing all the simulations with the outlet pressure, inlet 
pressures, temperatures, velocities and Mach number. All the simulations had the boundary 
conditions with the mass flow at the inlet to the stage [ ]sKgm /4,3850. = , and static inlet 
temperature [ ]Kt 53,3760 = . 
     Simulations 2p  [Pa] 0p  [Pa] 
    
2T  [K] 
 
xc0 [m/s] Mach Number 
on Rotor blade 
1 13000 24367,2    327,093 119,185 0,699 
2 14000 24890,9    330,740 117,412 0,670 
3 15000 25399,1    333,345 115,634 0,638 
4 16000 25901,3    336,976 113,743 0,602 
5 17000 26513,5    339,911 111,893 0,573 
6 18000 26939,6    342,806 110,145 0,542 
7 19000 27402,0    345,456 108,309 0,513 
8 20000 27903,1    347,824 106,388 0,487 
9 21000 28427,5    350,073 104,448 0,465 
10 22000 28971,6    352,147 102,509 0,445 
11 23000 29546,3    354,065 100,536 0,428 
12 24000 30160,0    355,817 98,512 0,412 
13 25000 30820,7    357,380 96,419  0,397 
14 26000 31541,1    358,741 94,233 0,384 
15 27000 32284,6    360,008 92,077 0.372 
16 28000 32847,9    362,516 89,918 0,359 
17 33000 33559,2    364,795 87,712 0,345 
18 36000 34145,7    366,918 85,561 0,330 
19 40000 34889,3    369,010 83,305 0,317 
Table 4-1: Simulations with the outlet pressur, inlet pressures, temperatures, velocities 
and Mach number [Custom Processing] 
Below is the table with the real measurements provided by Doosan Skoda with 2p  = 
22000 [Pa]:  
2p  [Pa] 0p  [Pa] 
    
2T  [K] 
   
xc0 [m/s] Mach Number 
on Rotor blade 
22000 27914,1    355,99 103,768 0,613 
Table 4-2: Real measuramets provided by Doosan Skoda [Custom Processing] 
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Figure 4-32: Comparison between measured and simulation data 
Another requiremets from Doosan Skoda was to create a plot of efficiency versus ratio of 
velocities as can be seen on figure (4 – 33): 
2p  [Pa] M [N.m] xc0 [m/s]
 
0h  [J/Kg] 2h  [J/Kg] ish2  [J/Kg] isc [m/s] 
16000 159,477 113,743 2692870 2672710 2680420 200,798 
17000 133,237 111,893 2692790 2675920 2682420 183,685 
18000 108,872 110,145 2692690 2679020 2684290 165,348 
19000 87,139 108,309 2692600 2681710 2685960 147,580 
20000 67,454 106,388 2692490 2684100 2687500 129,538 
21000 49,641 104,448 2692390 2686280 2688960 110,544 
22000 33,264 102,509 2692290 2688270 2690230 89,666 
23000 18,271 100,536 2692190 2690090 2691380 64,807 
24000 4,362 98,512 2692100 2691770 2692410 25,690 
25000 0,947 96,419 2692100 2691770 2691640 25,690 
 
 ? = 2 . ? . ?????                                             (4.2)     
 
 ? = ? . ω                                                        (4.3) 
 
 ? =  ?????  . ?                                                      (4.4) 
 
 ℎ?? =  ℎ? − ℎ???                                              (4.5) 
 






                                 (4.6) 
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??? =  ?2 . (ℎ? − ℎ?)                                                                                           (4.7) 
 
Figure 4-33 Efficiency of steam turbine 
4.9 Ventilation phenomena 
To cope up with the power generation needs and satisfying environmental requirements, 
combined cycle power plants have been widely developed. The system should be reliable and 
flexible but it would bring risk to steam turbine designs. The critical components of steam 
turbine in terms of flexible operation are those sustaining higher temperature and higher 
pressure such as the inlet valves or the rotor which can suffer from low cycle fatigue under 
high thermal transients. Other vulnerable parts are the Last Stage Moving Blades (LSMBs) of 
the low-pressure turbines. The operating regime of the LSMB is characterized by the volume 
flow leaving the stage. The volumeflow can vary due to a reduction in inlet mass flow to the 
stage under low load conditions of the power plant, or with large extraction mass flows for 
district heating, or steam used for chemical processes. Also a poor condenser pressure also 
leads to a reduced volume flow as the fluid density is rising while maintaining the mass flow. 
With a reduction in volume flow the work output is reduced and consequently the power 
output. A further reduction in volume flow leads to a power consumption of the stage, where 
energy is returned from the shaft to the fluid. This region is sometimes called ventilation 
region because the rotor blade is swirling in the globally slow moving fluid with small 
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Figure 4-34: Flow Field of A Low Pressure Turbine Under Low Volume Flow Operation 
[Custom Processing] 
Such off design conditions may cause aero elastic problems mainly to the LSMBs and 
also putting them at a risk of damage due to windage .i.e. strongly separated flow. It has been 
observed that since a steam turbine may undergo variable part load operation for a 
considerable part of time, high dynamic stresses that are associated with the blade excitation 
must be avoided or at least controlled to be at below at certain level. Therefore it is necessary 
to investigate the flow behavior of LSMBs and corresponding aero elastic phenomena’s under 
low volume flow operations. This would directly help the designers in prediction of any 
mechanical failure and to reduce the risk. Thus this would play a major role in extending the 
working range and improving the flexibility of steam turbines.In past there were many 
different methods has been used to understand the unsteady aerodynamic flow phenomenon 
described. A computational study has been performed for measuring unsteady pressure 
measurements and will be created a general characteristic of power (load) turbine under 
velocities according the acquired datas that will have the same characteristic of the graph 
represented bellow figure (4-30). 
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Figure 4-35: General characteristic of low pressure turbine under variable flow [Custom 
Processing] 
Stresses get increased sharply with 2-3 times higher than the dynamic stresses at rated 
conditions while operated at LVF. This increase of stress is due to the change of turbine 
operational mode to compressor type mode where there is drastic increase of pressure and 
velocity of flow in tip region of LSMB. Engelke et al. showed the variation of stress in a 
model steam turbine close to the point where the last stage produces zero power refers figure 
(4-32). With that we will find the optimal range for our turbine avoiding these phenomena. 
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4.9.1 Mesuared points and general characteristic of power (load) turbine 
under velocities 
 
Bellow we have a table with the results of the simulations for create a general 
characteristic of load turbine under variable velocities on rotor and after a graph 
representation of those values. 
Simulations P  [W] 
xc2 [m/s] xc2 /u  
1 58345 62,6 0,281 
2 49681 58,3 0,262 
3 42198 54,7 0,245 
4 35563 51,6 0,231 
5 29712 49,1 0,220 
6 24278 47,0 0,211 
7 19432 45,4 0,203 
8 15042 44,1 0,198 
9 11070 42,1 0,189 
10 7418 40,8 0,183 
11 4075 39,7 0,178 
12 973 38,5 0,173 
13 -1923 37,6 0,169 
14 -4638 36,9 0,165 
15 -7190 36,3 0,163 
16 -9650 35,4 0,159 
17 -19718 30,4 0,136 
18 -24706 27,6 0,124 
19 -23905 24,3 0,109 
Table 4-3: The load turbine acording variable velocities on rotor [Custom Processing] 
? = 2 . ? . ?????                                             (4.8)     
 
 ? = ? . ω                                                        (4.9) 
 
 ? =  ?????  . ?                                                      (4.10) 
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Figure 4-37: General characteristic of load turbine under velocities on rotor [Custom 
Processing] 
4.9.1.1 Stremlines and vectors showing the ventilation phenomena 
It would be a tedious task for doing numerical investigation of the flow field under 
ventilation. 
Various experimental measurements are needed to estimate the onset of separation of 
flow. But the analysis is limited only to a minimum mass flow of 20%. It is known that the 
mostly used coordinate system for use in turbo machinery rotors is the relative or rotating 
coordinate system. The frame of reference is attached to the rotor so it rotates with an angular 
velocity ω about the main axis. The basic reason behind using moving reference of frame is if 
the flow field is transient when viewed in a stationary frame can become steady when viewed 
in this frame. Below we can see the ventilation on streamlines figure (4 - 33). 
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Figure 4-39: Vectors showing the starting point ventilation  2p  = 25000 [Pa] [Custom 
Processing] 
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Figure 4-40: Temperature Comparation with intense ventilation (right side) and without 
ventilation (left side) [Custom Processing]
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5. Conclusion  
The diploma thesis deals with three-dimensional numerical simulation of steam flow 
through the complete turbine stage of the experimental Boiler Feed Pump Turbines T10MW 
located in the Doosan Škoda Power laboratory in Pilsen.  
In the theoretical part of the thesis, information on the past and presence of Doosan Škoda 
Power was presented. Furthermore, the theory of steam turbines was written with an emphasis 
on the working process and energy transformation in the stator and rotor parts. This 
information has been provided for both turbine and positive pressure stages. In the last 
chapter of the theoretical part, an insight into a complex industry such as turbulent fluid flow 
was introduced. It has been found that this issue is not yet reliably elucidated, but that there 
are a number of computational models that try to define it. One of these models is the 
numerical simulation of turbine flow in the practical part of this work. 
In the practical part of the thesis, a three-dimensional numerical calculation of the 
complete T10MW experimental steam turbine will be performed. This turbine is equipped 
with blades derived from the third turbine stage of a BFPT. 
Before the calculation itself, it is necessary to first create the 3D models of the rotor and 
stator blades and diffuser by Inventor 2019. The blades and diffuser were simplified and 
slight modified (diffuser) for better results and stabilization. After that, the flow steam was 
created by for Turbo mode in TurboGrid, then creating the computational network that was 
generated in the universal mesher ANSYS Meshing. It was created separately, stator and rotor 
by TurboGrid and diffusor by ICEM. As it was explained on chapter 4.5.1.  
With the 3D model and mesh, it could start to set the boundary conditions according to 
the requirements of Doosan Skoda Power. It was made with success as can be seen in chapter 
4.6. 
 The next step was to start the calculation with CFX-solver with 1000 interactions and the 
monitor setting according to chapter 4.6 and 4.7. 
It was made 19 simulations starting with boundary conditions of, static inlet temperature 
and pressure outlet. After was increased steps of 1000 [Pa] for each simulation until 28000 
[Pa] after the steps were bigger due to lack of time. 
With all the results we could start to analyze it on CFX-Post. The first requirement from 
Doosan Skoda represented the pressures, temperatures, velocities, and Mach number for   = 
22000 [Pa] in 3 layers (planes) of the domain, 5%, 50% and 95% according to the hight of the 
domain. The results were quite good as can be seen on the table (4 – 1 and 4 - 2) and figure (4 
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– 32). It’s important to mention that my results were analyzed with plans on the region 
required and the measurement provided was punctual sensors that can explain the differences.  
After the requirement from Doosan Skoda was create a plot representation the efficiency 
versus ratio of velocities was can be seen on figure (4 – 33). The results were very good once 
the expected result should be efficiency= 0,9 and u/cis = roughly 0,65. We had efficiency= 
0,92 and u/cis = 0,69. 
On the next chapter and more important Doosan Skoda required creating a plot that we 
could see in which conditions the ventilation phenomena occurs. So it was created a plot with 
the general characteristic of load turbine under velocities on rotor and the results were very 
good the ventilations phenomena starts on 0,17 on axis x. The expectation was that this value 
should be between 0,17 - 0,16. So loads lower than 0,17 occur the ventilation phenomena that 
we want to avoid for many reasons that it was explained in chapter 4.9. For concluding it was 
demonstrated on the figure (4 – 40) how the phenomena is damaged for the turbine 
considering how much the temperature increases in those regions. For matters of security 
normally are used water sprinklers to decrease the temperature. 
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